abbreviatioNs AUC = area under the curve; BBB = blood-brain barrier; DAI = diffuse axonal injury; Eg = estrogen; FIM = functional independence measure; GCS = Glasgow Coma Scale; GFAP = glial fibrillary acidic protein; GOS = Glasgow Outcome Scale; ICP = intracranial pressure; IL = interleukin; IQR = interquartile range; NGF = nerve growth factor; NSE = neuron-specific enolase; Pg = progesterone; ROC = receiver operating characteristic; sTBI = severe traumatic brain injury; TNF-a = tumor necrosis factor-a. Pg]). This analysis was performed using the sandwich enzyme-linked immunosorbent assay technique at admission and 7 days later for 86 patients, irrespective of assigned group. The long-term predictive values of serum biomarkers for dichotomized Glasgow Outcome Scale (GOS) score, functional independence measure, and survival status at 6 and 12 months were analyzed using an adjusted binary logistic regression model and receiver operating characteristic curve. results A favorable GOS score (4-5) at 1 year was predicted by higher admission IL-6 (above 108.36 pg/ml; area under the curve [AUC] 0.69, sensitivity 52%, and specificity 78.6%) and Day 7 Pg levels (above 3.15 ng/ml; AUC 0.79, sensitivity 70%, and specificity 92.9%). An unfavorable GOS score (1-3) at 1 year was predicted by higher Day 7 GFAP levels (above 9.50 ng/ml; AUC 0.82, sensitivity 78.6%, and specificity 82.4%). Survivors at 1 year had significantly higher Day 7 Pg levels (above 3.15 ng/ml; AUC 0.78, sensitivity 66.7%, and specificity 90.9%). Nonsurvivors at 1 year had significantly higher Day 7 GFAP serum levels (above 11.14 ng/ml; AUC 0.81, sensitivity 81.8%, and specificity 88.9%) and Day 7 IL-6 serum levels (above 71.26 pg/ml; AUC 0.87, sensitivity 81.8%, and specificity 87%). In multivariate logistic regression analysis, independent predictors of outcome at 1 year were serum levels of Day 7 Pg (favorable GOS-OR 3.24, CI 1.5-7, p = 0.003; and favorable survival-OR 2, CI 1.2-3.5, p = 0.01); admission IL-6 (favorable GOS-OR 1.04, CI 1.00-1.08, p = 0.04); and Day 7 GFAP p = 0.01; p = 0.01). coNclusioNs Serial Pg, GFAP, and IL-6 monitoring could aid in prognosticating outcomes in patients with acute sTBI. A cause and effect relationship or a mere association of these biomarkers to outcome needs to be further studied for better understanding of the pathophysiology of sTBI and for choosing potential therapeutic targets.
P athoPhysiology in traumatic brain injury (TBI) is a complex interplay of brain tissue-specific antigens, hormonal imbalance, and cytokine-mediated humoral and cellular immune reactions. 3, 29, 32 Due to the limitations of existing clinical and radiological evaluations for assessment and prognostication of TBI severity, there has been a considerable paradigm shift toward development and use of biochemical markers to delineate the extent of brain tissue damage and to independently predict global outcome. Neuronal (ubiquitin C-terminal hydrolase L1, neuron-specific enolase [NSE]) 4, 7, [19] [20] [21] and glial (glial fibrillary acidic protein [GFAP] , S100-B) 10, 18, 28, 31, 37 markers have been studied extensively over the past decade in various laboratory and clinical studies, with heterogeneous results. Similarly, the role of proinflammatory (interleukin [IL]-6, IL-1, tumor necrosis factor-a [TNF-a]) and antiinflammatory (IL-4, IL-10, transforming growth factor) cytokines has been validated in recent trials. 1, 2, 6, 8, 9, [11] [12] [13] 22, 26, 27, 30, 36 More recently, posttraumatic suppression of the hypothalamic-pituitary-adrenal axis and an increase in cytokine-mediated peripheral aromatase activity, leading to an imbalance in sex steroid (estrogen [Eg] , progesterone [Pg] , and testosterone) serum levels, have been areas of active interest for precise understanding of the mechanisms involved. 5, 15, 23, 25, 29 Most of the recent literature deals with these biomarkers in isolation, and there is a paucity of existing literature for establishing a comprehensive model dealing with all 3 domains together. To this end, we serially analyzed serum biomarkers (S100-B, GFAP, NSE, TNF-a, IL-6, Eg, and Pg) as part of a randomized placebo-controlled Phase II trial of progesterone with or without hypothermia in patients with severe TBI (sTBI), and analyzed the long-term predictive value of these biomarkers on Glasgow Outcome Scale (GOS) score, functional independence measure (FIM), and survival status at 6 and 12 months.
methods study design
This study was part of a prospective, outcome-assessor-and statistician-blinded, randomized, placebo-controlled Phase II trial of progesterone with or without hypothermia (Factorial design, unpublished data [S. Sinha et al., Neurology India, in press; accepted October 2015]). The study population included adult (age 18-65 years) patients with sTBI (Glasgow Coma Scale [GCS] Score 4-8) who presented at our tertiary care trauma center within 8 hours after injury. The study was registered under the Clinical Trials Registry-India (http://www.ctri.nic.in) with trial number CTRI/2009/091/000893. We obtained approval from our institutional ethics committee prior to commencement of the trial. Of 107 patients with sTBI who were randomized for the trial, we serially analyzed 7 serum biomarkers (S100-B, GFAP, NSE, TNF-a, IL-6, Eg, and Pg) in 86, irrespective of assigned group. We analyzed the long-term predictive value of serum biomarkers on dichotomized GOS score (poor recovery, GOS 1-3; good recovery, GOS 4-5), dichotomized FIM score (functionally dependent, FIM ≤ 108; functionally independent, FIM 109-126), and survival status (survivor/nonsurvivor) at 6-and 12-month follow-up.
biomarker assessment
The serum levels of S100-B (BioVendor), NSE (DRG International), IL-6 (Diclone), GFAP (BioVendor), TNFa (Diclone), Pg (DRG), and Eg (DRG) were determined using a commercially available kit based on the principle of the sandwich enzyme-linked immunosorbent assay technique. The samples for the determination of these biomarkers were taken at the time of admission, immediately after randomization (< 8 hours after injury), and then 1 week later (approximately 7 days after injury). A standard curve was prepared using standards supplied with the assay (irrespective of biomarkers), and the readings were analyzed using this standard curve.
statistical analysis
Using SPSS software (version 20, IBM Corp.), the baseline parameters, serum biomarkers, and outcome are presented as either number (percentage), mean (± SD), or median (interquartile range [IQR]), wherever appropriate. Comparative analysis for admission, Day 7, and average serum biomarkers (stratified according to outcome) was performed using the Wilcoxon rank-sum test. To define independent factors predicting outcome, a binary logistic regression model was used after adjusting for GCS score at admission and treatment group assigned at randomization. The impact of factors on outcome was expressed as the OR (95% CI). A receiver operating characteristic (ROC) curve was made for independent factors predicting outcome, along with estimation of area under the curve (AUC), sensitivity, and specificity of optimal cutoff value (calculated by Youden index). In line with current statistical consensus, an AUC of 0.8-0.9 is considered very good, 0.7-0.8 is considered adequate, and < 0.7 is considered poor in terms of accuracy of the test under consideration. A p value of < 0.05 was considered significant.
results

Demographic Profile
A total of 86 patients (84.9% of them male) with mean age 32.3 years were analyzed for the current study ( Table  1) . The average intracranial pressure (ICP) in the present cohort (measured serially for 5 days) was 11.8 mm Hg. Associated injuries (polytrauma) were present in 62% of analyzed patients. Contusion (59.3%) was the most common radiological presentation. Decompressive craniectomy was performed for refractory intracranial hypertension in 32.6% of patients. The median hospitalization period was 13 days. Sixteen (18.6%) and 21 (24.4%) patients were lost to follow-up at 6 and 12 months, respectively. Favorable GOS scores were found in 71.4% of patients at 6 months and in 78.5% of patients at 12 months. Also, 63.3% and 81.5% of patients were functionally independent at 6 and 12 months, respectively. The mortality rate was 14.3% and 16.9% at the 6-and 12-month follow-up, respectively.
comparative analysis of serum biomarkers
Stratified by GOS
The serum levels of Eg, S100-B, and TNF-a were similar across both dichotomized GOS groups at 6 and 12 months (p > 0.05) ( Tables 2 and 3 ). At 6 and 12 months, the serum levels of Day 7 Pg, NSE levels at admission, and IL-6 levels at admission were significantly higher in favorable outcome groups (Day 
Stratified by FIM
The Eg, Pg, S100-B, IL-6, and TNF-a serum levels were similar across both dichotomized FIM groups at 6 and 12 months (p > 0.05) ( Tables 4 and 5 ). Serum Day 7 NSE levels were significantly higher in the functionally independent group at 6 months (20.1 ng/ml vs 10.5 ng/ml, p = 0.03). Serum Day 7 GFAP levels were significantly higher in the functionally dependent group at 12 months (9.7 ng/ml vs 6.3 ng/ml, p = 0.02).
Stratified by Survival Status
The S100-B, NSE, and TNF-a serum levels were similar across both dichotomized survival status groups at 6 and 12 months (p > 0.05) ( Tables 6 and 7) . At 6 and 12 months, the serum Day 7 Pg and Eg levels at admission were significantly higher in survivors (Day 7 Pg: 5 ng/ml vs 1.9 ng/ml [p = 0.007] and 5.1 ng/ml vs 1.9 ng/ml [p = 0.003]; and admission Eg: 0.38 pg/ml vs 0.14 pg/ml [p = 0.03] and 0.51 pg/ml vs 0.14 pg/ml [p = 0.05] for survivors vs nonsurvivors at 6 and 12 months, respectively). Serum Day 7 GFAP and Day 7 IL-6 levels were significantly higher in nonsurvivors at 6 and 12 months (Day 7 GFAP: 18 ng/ml vs 6.5 ng/ml [p < 0.001] and 17.8 ng/ml vs 6.7 ng/ ml [p = 0.001]; Day 7 IL-6: 98.1 pg/ml vs 41.3 pg/ml [p < 0.001] and 95.5 pg/ml vs 41.3 pg/ml [p < 0.001] for nonsurvivors and survivors at 6 and 12 months, respectively).
adjusted binary logistic regression model analysis
After adjusting for GCS score and the randomization arm, we observed that Day 7 Pg serum levels had the highest positive odds of predicting favorable GOS score at 6 and 12 months (OR 2.37, CI 1.29-4.36, p = 0.005; and OR 3.24, CI 1.5-7, p = 0.003), respectively, and survival at 6 and 12 months (OR 1.9, CI 1.14-3.23, p = 0.01; and OR 2, CI 1.2-3.5, p = 0.01), respectively (Table 8) . Although the impact occurred to a lesser extent, IL-6 serum levels at admission also positively predicted GOS score at 6 and 12 months (OR 1.03, CI 1.00-1.06, p = 0.02; and OR 1.04, CI 1.00-1.08, p = 0.04), respectively. In contrast, Day 7 GFAP serum levels had the highest negative odds of predicting favorable GOS score at 6 and 12 months (OR 0.85, CI 0.73-0.99, p = 0.04; and OR 0.79, CI 0.65-0.95, p = 0.01), respectively, and survival at 6 and 12 months (OR Good Outcome, n = 51 Poor Outcome, n = 14
Good Outcome, n = 51 Poor Outcome, n = 14
Good Outcome, n = 51 Poor Outcome, n = 14 S100-B, pg/ml 758. Good Outcome, n = 38 Poor Outcome, n = 22
Good Outcome, n = 38 Poor Outcome, n = 22
Good Outcome, n = 38 Poor Outcome, n = 22 S100-B, pg/ml 758. Good Outcome, n = 44 Poor Outcome, n = 10
Good Outcome, n = 44 Poor Outcome, n = 10
Good Outcome, n = 44 Poor Outcome, n = 10 S100-B, pg/ml 726. the roc curve analysis A favorable GOS score (4-5) at 6 and 12 months was predicted by higher admission IL-6 above 108.36 pg/ml (AUC 0.72, CI 0.59-0.85, sensitivity 53.1%, and specificity 80% at 6 months; AUC 0.69, CI 0.54-0.83, sensitivity 52%, and specificity 78.6% at 12 months) and Day 7 Pg levels above 3.15 ng/ml (AUC 0.73, CI 0.60-0.86, sensitivity 69.4%, and specificity 80% at 6 months; AUC 0.79, CI 0.68-0.90, sensitivity 70%, and specificity 92.9% at 12 months) ( Table 9 , Figs. 1 and 2 ). An unfavorable GOS score (1-3) was predicted at 6 and 12 months by higher Day 7 GFAP levels above 9.50 ng/ml (AUC 0.76, CI 0.61-0.90, sensitivity 60%, and specificity 84% at 6 months; AUC 0.82, CI 0.65-0.98, sensitivity 78.6%, and specificity 82.4% at 12 months) and by higher Day 7 IL-6 levels above 71.26 pg/ml at 6 months (AUC 0.72, CI 0.58-0.86, sensitivity 55%, and specificity 86%). Survivors at 6 and 12 months had significantly higher Day 7 Pg levels above 3.15 ng/ml (AUC 0.77, CI 0.65-0.89, sensitivity 63.3%, and specificity 90% at 6 months; AUC 0.78, CI 0.67-0.90, sensitivity 66.7%, and specificity 90.9% at 12 months). Nonsurvivors at 6 and 12 months had significantly higher Day 7 GFAP serum levels above 11.14 ng/ml (AUC 0.88, CI 0.71-1.06, sensitivity 90%, and specificity 90% at 6 months; AUC 0.81, CI 0.61-1.01, sensitivity 81.8%, and specificity 88.9% at 12 months) and Day 7 IL-6 serum levels above 71.26 pg/ ml (AUC 0.91, CI 0.83-0.98, sensitivity 90%, and specificity 85% at 6 months; AUC 0.87, CI 0.75-0.98, sensitivity 81.8%, and specificity 87% at 12 months).
discussion brain tissue antigens
The neuronal injury marker NSE is an isoenzyme of enolase (t 1/2 approximately 48 hours) that is present predominantly in the cytoplasm of neurons, has poor correlation with contusion volume, and is essentially a marker of diffuse axonal injury (DAI). 7, 16, 17, 19, 20 However, its specificity for neurons is limited by confounding factors like sepsis, hypoperfusion, extracranial trauma, bleeding, and liver or kidney damage, in which serum NSE level also increases, making it of less clinical relevance in patients with polytrauma. 7, 20 The NSE levels in the first 72 hours postinjury have been more closely related with outcome, 21 probably because of its short half-life. However, in the present cohort with the high incidence of polytrauma (62%) and low incidence of DAI (13%), the relevance of serum NSE levels in the present context is miniscule. We also failed to observe any statistically significant impact of NSE levels on outcome in the adjusted binary logistic model. More specific neuronal markers like ubiquitin Cterminal hydrolase L1 have shown more consistent results in recent trials. 3, 4 A Ca 2+ -binding protein (t 1/2 approximately 2 hours) predominantly secreted by astrocytes, S100-B is correlated with contusion volume. Despite a few studies showing serum S100-B as a predictor of outcome, its serum assay is not ideal because of its limited blood-brain barrier (BBB) permeability, short half-life (small window for sampling), and peripheral source of production (besides CNS). 10, 18, 28 Cerebrospinal fluid or brain tissue S100-B estimation is a better predictor of outcome. We failed to observe any association between serum S100-B and any of the outcome parameters, probably because of the above-mentioned factors. Glial fibrillary acidic protein, an intermediate filament in astrocyte cytoskeleton (t 1/2 approximately 48 hours), is a much more specific marker of glial injury and BBB disruption with good discriminative value for focal mass lesions (contusion), and is an independent predictor of poor outcome. 3, 4, 16, 17, 28 We observed statistically significant odds of predicting poor outcome at long-term follow-up (1 year) by using serum Day 7 GFAP levels above 9.50 ng/ml with high accuracy (AUC 0.82) and specificity (82.4%). Serum Day 7 GFAP levels above 11.14 ng/ml predicted long-term mortality (1 year) with high accuracy (AUC 0.81) and specificity (88.9%). Because GFAP has a short half-life, we hypothesize that delayed (Day 7) estimation of serum GFAP levels could be more beneficial than the initial estimation at admission for detecting patients at long-term risk; it is an estimation of ongoing secondary neuronal injury occurring after 5-7 days, thereby causing elevation of GFAP levels again and emphasizing the role of additional measures to optimize the estimation. Because all of these antigens have relatively short half-lives, identification and prognostication in subacute and chronic TBI models is not possible. Recently, a trial assessing the role of IgG anti-GFAP antibody, which can be estimated from Day 7 until 6 months postinjury, has shown it to be a marker of BBB disruption and inversely correlated with outcome.
cytokines
Tumor necrosis factor-a is a potent proinflammatory cytokine, produced primarily by microglia and astrocytes in CNS as a result of combined DAI and hypoxia, with a conflicting dual profile of its impact on outcome data. 13, 22, 32 Its concentration in brain parenchyma increases within 1 hour after TBI and peaks between 4 and 8 hours. 32 For clinical use, its concentration in CSF is a more reliable indicator (peaks at approximately 24 hours) than serum, because it excludes elevations due to polytrauma. 32 Serum TNF-a concentration correlates moderately with rise in ICP, providing a window of opportunity to intervene before secondary brain damage. 26 We failed to identify any significant association between the serum levels of TNFa and either of the outcome variables, probably because of confounding by a high incidence of polytrauma (62%) and a low incidence of DAI (13%), making an appropriate inference difficult.
Interleukin-6 is another cytokine expressed in CNS (microglia, astrocytes, and neurons), again with conflicting data in the existing literature regarding its role as an independent predictor of ICP, mortality, and outcome. 1, 2, 6, 8, 9, [11] [12] [13] 30, 32 Similar to TNF-a, it is detectable by 1 hour postinjury and peaks in brain parenchyma at approximately 2-8 hours. 32 However, unlike TNF-a, particularly related to the DAI model, IL-6 levels do not depend on the injury model, and this is a more sensitive marker. 32 It inhibits TNF-a synthesis and N-methyl-d-aspartate-mediated toxicity, and it induces nerve growth factor (NGF) and promotes neural differentiation and survival. 32 Despite representing BBB dysfunction and more reliable serum concentrations than TNF-a, it is still less specific and partly affected by the addition of polytrauma to the TBI model. For increasing specificity in the TBI model, recent studies have incorporated the NGF:IL-6 ratio as a more specific predictor and have also included cerebral microdialysis for the most accurate estimation of ongoing variation of cytokines in close vicinity to the actual lesion. 32 We observed statistically significant odds of predicting poor outcome at long-term follow-up (6 months) by using serum Day 7 IL-6 levels above 71.26 pg/ml, with adequate accuracy (AUC 0.72) and specificity (86%). Serum Day 7 IL-6 levels above 71.26 pg/ml predicted long-term mortality (1 year) with high accuracy (AUC 0.87) and specificity (87%). These observations were in line with the delayed rise in serum GFAP levels, predicting long-term outcome and mortality, representing a dismal outcome due to sec- ondary brain damage. Paradoxically, an elevated serum IL-6 concentration above 108.36 pg/ml at admission (< 8 hours postinjury) was found to be predictive of long-term (1 year) favorable outcome, although with a poor accuracy (AUC 0.69) and lower specificity (78.6%). It is presumed that elevation in these proinflammatory cytokines is an adaptive response of the brain to injury, which causes transient destruction and apoptosis of damaged neural cells, paving the way for the reparative process. Therefore we hypothesize that an initial elevation of IL-6 levels could be protective in the long run, whereas a delayed rise could be catastrophic because it usually represents more grave conditions like elevated ICP, sepsis, multiorgan dysfunction syndrome, and shock.
gonadal hormones
Estradiol offers neuroprotection by ameliorating excitotoxicity, promoting neuronal lactate utilization, maintaining cerebral blood flow, and decreasing apoptosis in TBI models. 5, 15, 23, 25, 29 However, this presumed benefit has not been consistently translated from animal (rodent) models to patients in clinical trials, partly due to a difference between the two groups in production of Eg via peripheral aromatization, which is selectively present in primates only. 5, 15, 23, 25, 29 Up to 80% of patients with sTBI have suppression of the hypothalamic-pituitary-gonadal axis and activation of stress hormones produced by the adrenal gland; therefore, Eg production is predominantly under the control of peripheral aromatization in adipose tissue, which in turn is positively affected by proinflammatory cytokines like TNF-a. 29 Because there is a surge of systemic proinflammatory chemokines immediately following sTBI, the injury increases Eg levels as a byproduct of ongoing inflammatory response, thereby reflecting a global illness rather than a causal role. 5, 29 Few studies have shown a capacity of serum Eg levels at 48 hours to predict mortality, 5, 15 but their model failed to incorporate proinflammatory cytokines, a major confounder in the primate TBI model. As expected, we failed to observe any statistically significant impact of admission Eg levels on mortality in the adjusted binary logistic model, despite a weak association evident with survival status (p = 0.09 and p = 0.07 at 6 and 12 months, respectively).
Progesterone mediates its neuroprotection by reducing cerebral edema, lipid peroxidation, isoprostanes, and expression of proinflammatory genes; generating metabolites that reduce proapoptotic and increase antiapoptotic enzymes; and modifying the expression of vascular endothelial growth factor, brain-derived neurotrophic growth factor, and aquaporins responsible for development of edema.
14 Besides these direct effects, it also indirectly affects the TBI model by modulating Eg, testosterone, and cortisol levels. 29 Although previous Phase II trials confirmed a beneficial role of Pg therapy in an sTBI model for optimal outcome, 33, 35 more recent Phase III clinical trials failed to do so. 24, 34 We observed statistically significant odds of predicting favorable outcome at long-term follow-up (1 year) using serum Day 7 Pg levels above 3.15 ng/ml with adequate accuracy (AUC 0.79) and high specificity (92.9%). Serum Day 7 Pg levels above 3.15 ng/ml also predicted survivors with adequate accuracy (AUC 0.78) and high specificity (90.9%). These results imply the importance of maintaining serum levels of Pg over 3.15 ng/ml until 7 days postinjury for optimal outcome.
limitations of the study
Small sample size, lack of sampling data between admission and Day 7, and a higher percentage of patients lost to follow-up are the primary limitations of this study. Inclusion of only adults with sTBI might not allow generalization of our results to all TBI models. Lack of data on body mass index and menopausal status may have affected the analysis of effects of gonadal hormones.
conclusions
Serial monitoring and optimization of serum Pg, GFAP, and IL-6 levels could aid in prognostication in patients with sTBI and guide us to direct more resources toward such patients for optimal outcome. A cause and effect relationship or a mere association of these biomarkers to outcome needs to be further studied for better understanding of the pathophysiology in sTBI and for choosing potential therapeutic targets. Ultimately, a multidimensional prognostic model that incorporates the biochemical profile along with clinical and radiological parameters will be useful for clinical practice as well as clinical research. 
